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ABSTRACT

In sity infrared (IR) spectroelectrochemistry is used to investigate the
behavior of cyanide (CN”) at polycrystalline platinum surfaces in aqueous
perchlorate (Cl0,”) electrolyte. IR spectroelectrochemical data reveal the
existence of a number of surface, as well as sovlution, cyanide species in the
interfacial region. Within the double-layer potential region, therc¢ is IR
evidence for several forms of adsorbed cyanide, CN,uy (Mmax = 2070 cm™, v'p 0y =
2145 cm™t, and v"py = 2170 cm!), When the potential is made sufficiently
positive, cyanide is oxidized to form cyanate (OCN™; Vpex = 2171 cm™}). Other
solution cyanide species which may be formed at the platinum-cyanide solution
interface include hydrogen cyanide (HCN; vpe = 2095 cm™!) and square planar
platinum cyanide complex (Pt[CN),2"; Vpex = 2133 cm™ (IR-active E, mode}). The

interfacial electrochemistry of the Pt/CN"/Cl0,” system was found to be

- {nfluenced not only by the applied electrode potential, but is also driven by

in part changes in the interfacial pH, which is potential-dependent. In situ
IR spectroelectrochemistry reveals details of the potential-dependent surface

chemistry of the Pt/CN” system, the complexities of which cannot be easily

studied by other techniques.




INTRODUCTION

§ In recent years, the combination of infrared (IR) spectroscopy and
electrochemistry, i.e., IR spectroelectrochemistry, has been shown to be a
powerful tool for investigations of the electrode/solution interface (1, 2).
The technology has long been employed for investigations of electrode
surfaces, and has also seen use in solution studies (3, 4). As a surface-

- sensitive f{n sity vibrational spectroscopic tool, IR spectroelectrochemistry
is extrémely useful for studies of the structural, bonding, and dynamical

properties of adsorbate species on electrode surfaces where the system is

pnder potentiostatic control (1, 2). Furthermore, the methodology has been
shown to provide highly detailed information on the potential-dependent
behavior of supporting electrolyte and solvent molecules at elsctrochemical
interfaces (5, 6). In this study, in situ IR spectroelectrochemistry is used
to probe the behavior of cyanide at the interface between a platinum electrods
and an aqueous perchlorate electrolyte.

The vibrational spectroscopy of cyanide aspecies on various
polycrystalline metal electrode surfaces (e.g., Ag, Au, Cu, Pt, Pd) has baen
investigated by surface-enhanced Raman scattering (SERS) (7-14) and/or IR
spectroelectrochemistry (15-26). Since platinum is not a SERS-active surface,
surface vibrational spectroscopic studies of adsorbate species pn.this metal
are limited to other techniques besides SERS. In situ IR spectroscopic
studies of cyanide species on platinum in elsctrochemical systems hava been

_hnFﬁ%‘F#YQLX_f‘?1$}9-,293u??'_2§);;?Vi“5_t°‘?b9_dﬁfficultiF‘ in obtaining useful

A'infbfmi:iohlfrbm chef;pecéral dacq,.ﬁhicﬁ ;endﬁto.béltithpr éémpléi._ 6éh6r:.v
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spectroscopy of cyanide species on platinum electrodes include the in gitu
laser spectroscopic technique of sum-frequency generationm (SFG) (27, 28), and
the ex gitu techniques of low-energy electron diffraction (LEED) and Augar
‘electron spectroscopy (AES) (29, 30). In situ spectroscopic techniques ..s
generally preferred for studies of electrochemical systems, for the spectra
are taken while the electrode remains under potential control. This ensures
that any obaserved changes in spectral features rasult from changes in the
applied potential, and not from changes in the surface environment that may
arise from removal of the electrode from solution or from potential control.
Nevertheless, ax sity spectroscopic methods can provide data which may be
crucial for interpreting spectra which are obtained by in situ techniques.

IR spectroscopic features of surface cyanide species on platinum tand to
be obscured by solution species such as cyanide, cyanate, and platinum/cyanide
complexes (19, 22, 26). For this reason, alternative techniques have been
employed in efforts to eliminate spectral interferences from solution cyanide
‘species which are formed when the system remains under potential control (19,
26-28). 1In previous IR spectroscopic studies of cyanide on platinum,
potential modulation experiments were not attempted since the oxid. tion
reaction was found to be irreversible (19). Also, IR experiments have been
conducted in which the electrode is first exposed to cyanide in an electrolyte
solution, and than solution cyanid; is removed and replaced with cyanide-free
electrolyte (26). In the work presented here, we employ in sity IR
spectroslectrochemistry to investigate the platinum/cyanide system in
perchlorlto cllctro.yte by potontinl modulution Cechniquel. In this scudy,

'.ralultl of prcvioua lpoctroscopic 1nve|tigationu pxovide for nn 1nterprotntion

‘,.'vn-qf IR npqcttocloctrodhqnicnl dnta which nre obc;inad (from a cyanide- -
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containing electrolyte solution) by modulating the electrode potential. This
is successfully accomplished, even though the system under study demonstrates

complex interfacial processes.

EXPERIMENTAL

The IR spectroalectrochemical technlque employed was a potential
modulation method, subtractively normalized interfacial Fourier transform
infrared spectroscopy (SNIFTIRS) (31).. The surface sensitivity of this
potential difference infrared (PDIR) (32) spectroscopic technique was enhanced
by using p-polarized radiation. Spoccfoncopic information on solution species
was cbtained by using s-polarized IR radiation. Typically 500 to 1000 spe.tra
were recorded at each potential, and differenca IR spectra were obtained at 4
cm™! resolution. Reference spectra were recorded at the more negat.ive
potential, while sample spectra were obtained at a more positive applied
voltage. The vultage was switched after every 32 scans (approximately 1
sec/scan) at each (refarence or sample) potential,

A custom-made external reflection spectroelectrochemical cell,
fabricated from borcsilicate glass, was placed in the sample chamber of a
Fourier transform infrarsd (FTIR) spectrometer (ISM IR/98). The spectrometer
contained a globar IR source and a liquid nitrogen-cooled indium antimonide
detector (Infrared Associates). The spectroelectrochemical cell employed a
,cllciun fluoridc prilm IR window (Ftnnk Cooka, Inc ) nnd a bulk

"polycryltallinopplutinum mirr;r oloctroda (Johnlon Mnc:hoy) The plncinum _:f“

“”'lurfaqg wpl pqlﬁqhqd mpchan#anly wi:h lucceq*;vcly lmnllor grgdou of




polishing alumina (Buehler; 1,0, 0.3, and 0.05 um), A KRS-5 wire grid
polarizer (Harrick) was used to polarize the incident IR radiation, which was
apbroximatcly 65° with respect to the electrode surface normal. Potential
contrnol was achieved with a potentiostat/waveform generator system (Princeton
Applied Research 175/179 system), and voltages were recorded vs, the Ag/AgCl
(3 M KC1) reference electrode (Microelectrodes, Inc.). Voltammograms were
recorded on an IBM. model 7424 MT x-y plottar,

For some apectra, the polariration modulation technique, Fourier
transform infrared reflection absorption spectroscopy (FT-IRRAS) (16), was
combined with potential modulation in an effort to obtain confirmatory
surfaco-apeéific information, Polarization modulation was accomplished with a
zinc selenide photoelastic modulator (Hinds International), operated at 78
kHz, and a two-phase lock-in amplifier (Princeton Appiiod Regsearch model
5206), Difference spectra were obtained as described above for SNIFTIRS in
the absence of polarization modulation.

Reagent grade sodium cyanide and nodium perchlorate (Aldrich) were used
as received, Deionized (Barnstsd Nanopure, 18 MR), organic-free {Barnsted
Organopure) water was used for the preparation of ali solutions, and
slectrolyte solutions were purged with ultrapure nitrogen (99.99%) prior to

sach experiment. Experiments were conducted at room temperaturs (23° + 1°C).

RESULTS AND DISCUSSION

. 'Ihe.cyéllﬁfvéléhﬁmétfj of 0.1 M NACIO.'Eledtﬁolytd'iﬁ5wi:cr_(ﬁé‘cyiﬁidé |

- ‘.prenent) at s polycrystailine platinup slectrode is shown in Figure 1. The
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characteristic voltammetry of this system has been published previously (5,
26, 28), but i{s shown again here for illustrative purposes, The broad,
fea;ureless wave thch is observed at more positive potentials (S ~-0.,2 V) is
due to the formation of a surface oxide layer. This oxide layer is stripped
off as the potantial is swept to more negative voltages, giving rise to a
cathodie current peak at approximately -0.2 V. Atffprcher negative applied
potentials (about -0.4 to -0.8 V), peaks due to hydéogen adsorption/desorption
are observed, while evolution of hydrogen occurs at potentials more negative
than -0.85 V., The voltammogram illustrates the high potential-dependent
reactivity of the solvent (water) at a clean platinum surface.

Figure 2 shows the cyclic voltammogram, obtained at a platinum
Qlectrode, of aqueous 0.1 M NaClO, in which cyanide is present. The
voltammogram is similar to previously published electrochemical data for this
system (26, 28). The voltammetry shows that the presence of cyanide pravents
hydrogen adsorption in the negative potential regime, and alsoc suppresses the
formation of surface oxide until more positive potentials when compared to the
system in which no cyanide is present (Figure 1). Above about +0.4 V,
evidence for oxide formation is cbserved (Figure ¢), with a corresponding
reduction peak appearing at approximately -0.3 V. Irreversible oxidation of
cyanide occurs above +0.9 V. A "double layer" region, due to the existence of
surface-bound cyanide species, is observed to exist between ~-Q.9‘V and ~+0.4
V (Figure 2, dashed line). Radiotracer experiments indicate that the cyanide

surface coverage is nearly constant within the double layer and oxide regionms,

,ﬁcénnd that the CN‘ coverage decreasas significantly at tha positive potential

extrume (33), where it becomes oxidized Unfortunately. few add1Cional

"ll“:hfvdeﬁlilﬂ regandingnthc eleccrOQhemical behavior of cyanide at platinum, can, be




discerned from the cyclic voltammogram. Hence, in order to extract more
information about the cyanide/platinum electrochemical system in perchlorate
electrolyte, IR spectroelectrochemical data were ocbtained within the potential
region shown in Figure 2.

IR spectroelectrochemical data (from applied potentials between -0.8 and
+0.5 V) of the platinum/cyanide system in sodium perchlorate are shown in
Figures 3 and 4. SNIFTIRS spectra arising from both p- and s-polarized IR
radiation are shown in Figure 3, while a potential-difference FT-IRRAS
gspectrum is shown in Figure 4. FT-IRRAS difference spectra and p-polarized
' SNIFTIRS spectra are sensitive to surface species, while s-polarized SNIFTIRS
spectra are sensitive only to species in solution (1, 2). However, it has
been observed that FT-IRRAS and p-polarized SNIFTIRS techniques are not always
entirely surface-specific. In fact, these two IR spectroelectrochemical
techniques will sometimes be sensitive to dissolved species that are present
within the diffusion layer near the electrode sufface (23). Thus, it is
important to obtain SNIFTIRS spectra with s-polarized radiation so that
solution species, if they give rise to features in the "surface-sensitive"
potential-dependent IR spectra, can be identified.

The IR spectroelectrochemical data of Figures 3 and 4 show a series of
bands in the ~2050 to ~2200 cm! range. The SNIFTIRS spectrum that was taken
between -0.8 and +0.5 V with s-polarized IR radiation yields negative bands at
2095 and 2133 cm™! (Fiure 3). The s-polarized SNIFTIRS spectrum from applied
potentials between -0.8 and +0.2 V gave rise to a small positive peak at 2179
cm?ﬂ and a strong nagacive peak at 2094 cm1 SNIPTIRS spectra that were

e

'- obtainnd with p- polarired radiation (Figure 3) show strong posicive banda in -

~jthe 2050 to- 2x50 cm”-region,:and a strong negative band cantetad Su abouc e
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2170 em', By comparing s- and p-polarized SNIFTIRS spectra, it can be seen
that negative contributions from peaks at 2095 and 2133 cm™ are superimposed
upon the broad positive feature which is prevalent between 2050 and 2150 cm!
Also, 1f the s-polarized spectrum is suﬁcracted from the p-polarized spectrum
(Figure 3), the result is essentially identical to the surface-sensitive FT-
IRRAS difference gpectrum (Figure 4). The FT-IRRAS difference spectrum
(Figure 4) gives rise to a strong positive peak at 2145 cm™! with a shoulder
at ~2100 cm™!, and a negative peak at ca. 2160 cm™}, By comparison with the
SNIFTIRS p-polarized spectrum (Figure 3), these features (which appear in both
spectra) can be attributed to surface species.

Potential -dependent SNIFTIRS spectra of the CN"/Pt/Cl0,” system (Figure
5) which were obtained with p-polarized radiation yielded a broad posicive
peak in the 2050 to 2100 cm™! region, a strong positive peak near 2145 cm"}
and a negative peak at frequencies >2155 cm™, SNIFTTRS spectra that were
obtained within the double layer potential region are plotted in Figure 5,
while spectral data from higher sample potentials are presented in Figure 6.
These data demonstrate some similarities as well as differences from previous
IR spectral studies of cyanide on platinum, which were conducted under
different experimental conditions (19, 26). Comparisons of our data with
results ‘from previous in sity studies of the Pt/CN" system are discussed
below.

Based on the IR spectroelectrochemical data (Figures 3-6), band

assignments for various cyanide species in the platinum/perchlorate system

Were mede.‘and are summarized in Tabie I Ve ‘note uhat definitive assignments

(R

rof peek frequenciee from IR difference spectre such as Choee obtained here are

qften difficult to make (34) but eqtimation of peak positions to within a few.
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. /wavenunbers is sufficient for the study which was underitaken. A number of
| solution species were observed in the SNIFTIRS spectra of the Pt/CN/Cl0,”
system. As mentioned above, potential-dependent SNIFTIRS spectra whi were
taken with s-polarizsad radiation gave rise to solution bands at 2133, 2095,
and 2079 cm'. The peak at 2079 cm™! is assigned as free solution cyanide ion,
CN"yoin, based on the litarature value of 2080 cm™! for this ion in aqueous
solution (19, 35). The 2095 cm™} band can be assigned as solution HCN; a
sinilar frequency band which was attributed to solution HCN has been observed
in earlier IR spectroscopic studies of cyanide on silver (15) and platinum
(19, 26). This assignment was originally basad on the reported literature
o0t value for gas phase HCN of 2097 em™ (36). The 2133 cm™! peak was also
observed in & previous IR study of cyanide on a platinum electrode in which
CN" has been removed from solution (26), and was attributed to the infrared-
active E, mode of square-planar platinum/cyanide complex, Pt(CN),* (36 38).
In other IR spectroscopic studies of the Pt/CN™ system (19, 26), peaks in the
. frequercy region near 2170 cm™! have been attributed to solution cyanate ion
(OCN"yo1n) (37). At potentials of +0.8 V and greeter, a peak at 2171 cm™ was
observed (Figure 6). This peak is assigned as OCN",,, (Table 1), based on
A 1"‘." previous jn_aitu IR studies of CN° and OCN" on platinum (19, 26, 37).
Several peaks in the C-N stretching region, which may be attributed to
surfacs spscies, were observed in the IR spactrcelectrochemical results
. (Figures 3-6), Features that were saen in FT-IRRAS spectra (Figure 4) and p-
polarized SNIFTIRS spectra (Figures 3, 5, and 6) which sere not observed in
,_thc 8- pol lrizcd SNIFTIRS specha are auigned as surface bands The most

'pronimnc surfaco bmds nppear in the ~ 2150 (+20) cm™? region,' and t:hey are’

. :-.\."'-m.t, ,'- oburvnd !.n hoch & pclnrizod aNIFTI\RS (Figurq 3 and pqtem;lal differenee E'r- R
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IRRAS (Figure 4) spectra. The strong positive peak at ~2145 cm™! (Figures 3,
5) has been observed in previous IR studies of the Pt/CN” system (22, 26), and
has been attributed to various forms of adsorbed cyanide in which the cyanide
species is bound to the platinum surface through the carbon atom. In the
preliminary in situ SNIFTIRS investigation (22), this peak was attributed to
C-down CN 4. In the study in which solution cyanide was removed prior to
accumulation of spectra (26), a peak at ~2150 cm™} was assigned as an adsorbed
CNH species in which carbon is toward the Pt surface, This assignment was
based on ex gitu spectroscopic studies of cyanide on platinum surfaces (29).
Another plausible assignment of this peak is as adsorbed cyunide ion, CN.4,,
vhich is bound to the electrode surface via the nitrogen atom (Table I).
Spectral features in the ~2150 cm™! frequency region were not observed in
separate {n situ IR spectroelectrochemical studies in which CN™ was present in
solution (19, 26), presumably because these peaks were obscured by solution
species,

A strong negative pesk at ~2160 cm'! is observed in the FT-IRRAS
spectrum (Figure 4), and bands near this frequency are seen in p-polarized
SNIFTIRS spectra as well (Figure 5). Since no solution feature at this
frequency appears when the potential is pulsed from -0.8 to +0.5 V (Figure 3),
wa attribute this peak to a surface specias. Cyanogen, (CN);, has an IR
frequency of 2157 em™® (40). However, since cyanogen is an oxidac?on product
of CN", and the ~2160 ¢m’! peak appears at far negative potentials (Figure 5),
it 1s unlikely that this spectral feature is due to cyanogen. The frequency
,of thil bnnd appoarl to be pocential depondon:, wc noto chat :here is an

‘,nppnrent shift 1n the peak frequency from '2155 to nanrly 2180 cm 1 (Figure

.ﬁ; ) Hovovnr. ﬂifficul.ien which are. inhoxgn; in :he 1ntarprqtation of
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difference spectra (34) make it impossible to quantitate the frequency
potential dependence of the surface species giving rise to this negative band,

We emphasize that the spectral feature observed between approximately
2130 and 2180 cm™! is probably not a bipolar band arising from a potential-
depondcn_t frequency shift in the C-N stretch of CN",4,. If it were, we would
expect a shift from lower to higher frequencies as the applied potential is
.i'ncre‘a:ied. Our data show just the opposite trend (Figures 3-5): as the
potential is stepped to higher voltages, the freque.icy shifts from a negative
‘peak at higher frequency (-2155 to ~2180 cm™!) to a positive peak at lower
frequency (~2145 cm™}). These data are consistent with a potential-dependent
reorientation of CN“.,. from C-down at more negative potentials to N-down at
more positive voltages. Evidence for a similar potential-depandent
- reorientation of surface thiocyanate (SCN',4,) has been observed in previous IR
spectroelectrochemical studies of this ion on platinum (5) and gold (41)
surfaces. An alternative explanation is that as the potential is made more
positive, an adsorbed CNH species i{s favored (26). Thus, we attribute the
negative band near 2170 cm™! (+10 cm™!) to an adsorbed cyanide jon in which the
carbon atom is bound to the elactrode surface (Table I).

There is IR spectroslectrochemical evidenne for additional surface
features in the 2050 to 2100 cm'! range (Figures 3-5). At more negative
applied potentials, a broad positive peak in this frequency region, attributed
to CNy,r¢, i8 observed (Figure 5). As the potential i3 made more positive,

this feature grows in intensity and shifts to higher frequency (Figure 5).

, .. Since the int:enait:y of thi. 2050 to 2100 cm“ band is fnr gruter thm that:

-. ' v IR

'Aobtaimd for tho CN‘,;,;,, puk 1n l-polnrized SNIFTIRS speccra, it il ascri.bed

. .apnut,fa,ce-_-.a.gaqi.gg<z._. ‘Further evidence for a surface feature in.the ~2050.
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2100 cm™? range exists in the FT-IRRAS spectrum (Figuxe 4). Also, the

observation that the ~2050 to ~2100 cm™! feature in the SNIFTIRS spectra
(Figure 5) shifts from lower to higher frequency as the potential is increased
off&rs adﬂitiohal evidence for the exis;ence of a surface species in this
wavenumber region, since IR bands of solution species do not typically undergo
potential-dependent frequency shifts. Hence, we attribute this ~2050 to ~2100
cm™! feature to a surface cyanide species, CN",..¢s (Table I), based on
experiments in the previous IR investigation which were conducted in basic
cyanide-free solution (26). Additionally, a surface cyanide band near this
frequency (2070 em™!) has been observed in IR spectroelectrochemical studies
of the Pt/CN” system in sulfate media (2).

Thus, there is IR spectroacopic evidence for at least two forms of
adsorbed cyanide on platinum: one at lower frequency (~2050-2100 cm"!) and
one at higher frequency (~2150 e¢m™!). Our observations are consistent not
only with previous IR spectroscopic investigations of the CN"/Pt/C10,2" system
on polycrystalline surfaces (26), but are also consistent with results from IR
experiments on single-crystal platinum electrodes (42). The studies on
single-crystal platinum show two different frequencies (~2070 and ~2150 cm™!)
of adsorbed cyanide, and the site occupancy is dependent upon the nature of
the Pt crystal face which is probed- (42). The low-frequency band appears at a
similar wavenumber region to linear-bound CN™ on palladium (23), but no
bridge-bound surface cyanide is observed on Pt. Based on the experimental

data, the implication is that this (lower frequency) surface cyanide species

) hu a hlgher bindtn; energy than t:he hi.gh frequency CN .d. speciu (2&). which

1; ‘more ionic 1n character’, The graater 1on1c chnracter of the high frequency‘f

"+ \GN'ada .species would lesd to an. 1.99.#99.!,94': likelihood of & pqtep.':},-ql..-.qgnenqept.., ,



.spocios (-2050 2100 cm*) would not only ranult 1n a grentar likalihood of a

. :progenation or _.hyd!.°.5°r.‘.,:b°nsl.&n§: .<-."..i€*.!_ . 9f... this surface 9-?/.5?1.1'49 species.. An.

reorientation of this ion, which we have suggested above.

A potential-dependent reorientation of surface cyanide was suggested in
a sum-frequency generation (SFG) study of CN'.4, on platinum (28). In the SFG
work, both low- and high-frequency bands due to surface cyanide species wure
observed. The lower wavenumber peak frequency was highly potential-dependent,
and the highar wavenumber peak frequency was largely potential-independent
( 7, 28); these ralultl were similar to those of the IR spectroscopic study in
cyanide-free solution (26). In the SFG studiop. the high:frequency peak was
prevalent at higher applied potentials, whila the low-frequency band was
prominent ‘at move nogativﬁ voltages (27, 28). The low-frequency peak was
assigned te CN',y, bound to the Pt surface via the nitrogen atom, while the
high-frequency feature was actributed to C-down surface cyanide (28).
However, this explanation would imply that the moroleleccron-rich pqrcion of
the cyanide ion (i.e., the nitrogen end) would be :owar& the slectrode surface
at nore negative potentials., For electrostatic reasons, the proposed modal in
which the negatively charged portion of the ion is toward the electrode
surface at more negative voltages (27, 28) is not feasible. Undoubtedly the
features observed in the SFG experiments (27, 28) are due to the same species
which give rise to peaks at similar frequencies in the IR spectroelectro-
chemical studies. A nitrogen-down cyanide species, if it indeed exists, would
more likely be present at more positive applisd potentials.

The assignment of the higher-frequency surface cyanide band (~2150) tu a

cyanide spacies with more ionic character than the low-frequency surface

potcnciul dcpondent reoriontltion of Chc ion, but vould also lead to
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" ulternative scenario to a potential-dependent reorientation of CN°,,4, may be
the asaignment of two different forms of (high-frequency) adsorbed cyanide:
one which is associated with H* (~2145 cm™') and one that is not (~2170 cm™!),
This rationalization is consistent with previous azsignments of the higher-
fraquency surface cyanide band (26, 29). Alternatively, a potential-dependent
?eorinntatién of ON",4s could also be accompanied by increased likelihood of H-
bonding in either the C-down or N-down species. This may be responsible for
the observation of one peak (~2170 cm"!) having a higher frequency potential
dependence than the other (~2145 cm™),
The potential dopondghciol of the intensities of several major bands
that wers observed in the SﬂIFTIRs expariments with p-polarized radiation
(Figures 5, 6) are illustrated in Figure 7. The band at ~2070 cm™
continually increases in intensity as the potential is increased, suggesting
increasing surface coverage at more positive voltages. The intensity
potential dependence of the ~2050 to 2100 cm™* is difficult to quantitate, due
to possible interference from the solution CN™ peak. As the applied voltage
is made more positive, more CN",,1, can migrate into ths thin layer between the
Pt electrode and the IR window of the spectroelectrochemical cell, At
potentials within the double layer region, the intensity of the ~2145 cm™*
peak remains more or less conastant (Figures 5, 7). The negative -2170 peak
* appears at rather negative applied potentials (Figures 5, 7), lending furtpor
support of the assignment of this peak to a carbon-down CN°,4, species. The ‘
intensity (and presumably the covarage) of the species giving rise to the peak
. at cn.,2170 cm“ 1- largely invariant with applied potential (Figure 7)

Lo bl e

B novnvcr. 'we ralternce that' thil bnnd frequency 1s highly potencial d.pendcnt. S

(X} .-4 o,

Ah?-‘,'ﬂ,-:%be..29!;993;,;;.1. of -,.‘z,-ar,o.,pl}.,a,:;se.-».(ﬁ'zc) of polyerystalline platinum,

]
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which i{s at approximately +0.2 V in perchlorate electralyte (43), the
intensity of the ~2145 cm™ peak increases dramatically. This rise in
intensity (Figures 5, 6) is also concurrent with the formation of a surface

oxide layer which is indicated in the voltammetry (Figure 2). Nearly

Mconcomitant with the increase in the ~2145 peak is a substantial decrease in

the intensity of tho peak due to HCN,,, at ~2095 cm'. The implication is
that the coverage of surface cyanide increases at the same time that the
solution concentration of HCN decreases. This is consistent with
deprotonation of HCN in solution to form a surface cyanide species. We note
that this effect is pH-dependent, for as the potential is made more positive,
the pH of the interface is increased since H' is expelled from the interface
(44) . The surface cyanide species which is prevalent in the oxide region
(peak frequency ~2145 cm™!) is a precursir to cyanate, which is formed when
the surface cyanide layer is oxidized at higher applied potentials,

At the positive potential extreme where cyanide oxidation occurs (Figure
6, +0.8 V), a positive peak attributed to solution cyanate at 2171 cm™

appears dua to the following reaction (19, 39):
GN* + 20H =+ OCN™ + H,0 + 2e” .,
The mechanistic details of this reaction remain unclear, but the formation of

a surface oxide layer prior to oxidation of cyanide ion which is immobilized

on the surfice appears to be a necessary step (19). Also ar higher applied

..-po:onciall (+0 9 V or 5rootor). sutfoce bnndu noor 2200 cm }, attributed to

~l.au

'\cho formation of ourfnco-bound cynnnrc spoctol, OCN" ﬂmg (37), woro oblorvod

,.This surface apecies may he a.precrsor to. the s_:_h'-isn.n.sa oxidation product, ... ..

)t Sy T
* P
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OCN",c1n. Since the 2133 cm'! peak, ascribed to Pt(CN),?" (Table 1), was
observed at lower applied potentials (Figure 5), it appears that the reaction
of cyanide with the metal surface (to form square-planar Pt/CN" complex) does

not require the application of extreme voltages.

CONCLUSION

In situ IR spectroelectrochemical studies of the Pt/CN"/C10,%" system
show that the behavior of cyanide species at a polycrystalline platinum
surface are rather complex. SNIFTIRS data give evidence for at least two
forms of adsorbed cyanide species, one at lower frequencies (~2050-2100 cm™!)
and (at least) one at higher frequencies (~2145 cm™!). Evidence for a third
type of CN™.4, (peak maxima 2155 to 2180 em’!) was also obtainad for the first
time. Unfortunately, possible interference from the solution peak due to
solution CN™, as well as band broadening due to the polycrystalline nature of
the electrode surface, make it difficult to attribute definitive band
assignments for surface cyanide species that give rise to bands in the 2050 to
2100 cm™? region. Square-planar platinum cyanide complex, Pt(CN),%", appears
to be formed at applied potentials within the double laysr region, as
suggested by a peak at 2133 cm™! (E, mode)., SNIFTIRS data indicate that
cyanide oxidation to cyanate (peak frequency 2171 cm"!) occurs at the positive
potential extrems, above the double-layer and oxide formation potential

...regimes. Depletion of solution HCN (2095 cmf)_at,mq:e pasitive potentials 1is

(NS}

accompanied by an increase in the CN',q, péak at <2145 cm'!, suggesting that a ' =~

S pogngialqinducpd;erfachpﬂqeffecbginxxgsponqtb}quoprhtp.cdnnggiqnm _This
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study has shown a number of spectroscopic similarities to, but also some
significant differenceas from, previous in gitu spectroscopic investigations of
the Pt/CN" electrochemical system. This investigation illustrates the utility
of complementary surface-sensitive spectroscopic techniques in probing

interfacial electrochemical processes.
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Table I. Assignments for various cyanide bands observed in infrared
spectroslectrochemical data from the CN”/Pt/Cl0,” system; (+/-) indicates
vwhether the observed peaks are positive or negative in sign.
Peak frequency, cm'l; (+/-) Assignment Reference(s)
~2050 to ~2100 (+; CNyure 1, 2, 26, 28
2080 (+)° CN™ioln 22, 35
2095 (-) HCN,o1n 15, 19, 26
2133 (-) Pt(CN),%" (E, mode) 26, 36, 38
~2145 .(+) CNH,4, or CN™,4, (N-down) 22, 24, 26
~2160 to ~2180 (-) CN aas (C-down) this work
2171 (+) OCN"go1n 19, 26, 37
~2200 (-) OCN™yure 37
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Figure 1. Cyclic voltammetry of aqueous 0.10 M NaClO, at a polished platinum

disc electrode; sweep rate =~ 50 mV/seé.

Figure 2. Cycltc voltamastry of 25 mM NaCN in aqueous 0,10 M NaClO, at a

polished platinum disc electrode; sweep rate = 50 mV/gec,

figﬁre 3. SNIFTIRS.speo:ra reéordad in. 25 mM NaCN in aqueous 0,10 M NeClO, at
a plntiﬁuh mirror disc electrode as a function of the polarization of the
iﬂéiﬁont inf.ared beam. Reference and sample potentials were -0.80 V and
40.50 V (vs. Ag/AgCl}. respactively. Spectra were averaged over 1000 scans

(500 at cach potential).

Figure 4. FT-IRRAS difference spectrum recorded in the aqueous 25 mM NaCN +
0.10 M NaCl0, system at a platinum mirror elactrode. Reference and sample
potentials were -0.80 V and +0,50 V (vs. Ag/AgCl), respectively. Spectra wera

averaged over 1000 scans (500 at each potential).

Figure 5. Potentlal-dependent SNIFTIRS spectra of aquecus 25 mM NaCN + 0.10 M
JaCl0, at a polished platinum electrode. The incident radiation was p-
polarized with respect to the electrode surface plare. Applied voltages are

vichin the double-iayer potential regime. The reference voltage was -0,80 V

vs. Ag/AgCl, and sample potentials are ‘as shown in ‘the’ figure.




Figure 6. Same as Figure 5, except that sample voltages are within the

cyanida oxidation region,

. Figure 7. Plots of peak intensity vs. applied potential for major bands

obgserved in the 25 mM NaCN + 0.1 M NaCl0, on Pt system, Band frequencies:

v 2070 em}; ---- 2094 cm'; — 2145 cml; .o - ~2170 cm™!,
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